Aerobic soil bacteria metabolize atmospheric hydrogen (H2) to persist when nutrient 22 sources are limited. This process is the primary sink in the global H2 cycle and supports 23 the productivity of microbes in oligotrophic environments. To mediate this function, 24 bacteria possess [NiFe]-hydrogenases capable of oxidising H2 to subatmospheric 25 concentrations. The soil saprophyte Mycobacterium smegmatis has two such [NiFe]-26 hydrogenases, designated Huc and Hhy, which belong to different phylogenetic 27 subgroups. Huc and Hhy exhibit similar characteristics: both are oxygen-tolerant, 28 oxidise H2 to subatmospheric concentrations, and enhance survival during hypoxia 29 and carbon limitation. These shared characteristics pose the question: Why does M. 30 smegmatis require two hydrogenases mediating a seemingly similar function? In this 31 work we resolve this question by showing that Huc and Hhy are differentially 32 expressed, localised, and integrated into the respiratory chain. Huc is active in late 33 exponential and early stationary phase, supporting energy conservation during 34 mixotrophic growth and the transition into dormancy. In contrast, Hhy is most active 35 during long-term persistence, providing energy for maintenance processes when 36 carbon sources are depleted. We show that Huc and Hhy are obligately linked to the 37 aerobic respiratory chain via the menaquinone pool and are differentially affected by 38 respiratory uncouplers. Consistent with their distinct expression profiles, Huc and Hhy 39 interact differentially with the terminal oxidases of the respiratory chain. Huc 40 exclusively donates electrons to, and possibly physically associates with, the proton 41 pumping cytochrome bcc-aa3 supercomplex. In contrast, the more promiscuous Hhy 42 can also provide electrons to the cytochrome bd oxidase complex. These data 43 demonstrate that, despite their similar characteristics, Huc and Hhy perform distinct 44 functions during mycobacterial growth and survival.
Introduction
Earth's soils consume vast amounts of hydrogen (H2) from the atmosphere (1, 2). Over when cells reached carbon-limited stationary phase and remained at high levels into 142 late stationary phase (Figure 1b) . 143 Next, we determined the rate of H2 oxidation of wild-type M. smegmatis and mutant 144 strains containing only Huc or Hhy at different stages of growth and persistence in 145 liquid batch culture. H2 oxidation rates in the Huc-only strain correlated well with gene 146 expression levels; levels of H2 oxidation were relatively low during early exponential 147 growth (OD600 0.3) and increased during late exponential phase (OD600 1.0), before 148 peaking at 1-day post-ODmax and declining rapidly thereafter (Figure 1c) . The rapid 149 decline in transcript levels and activity of Huc during stationary phase suggests tight 150 regulation of this enzyme. In contrast, the activity of Hhy was low during exponential 151 growth (OD600 0.3 and 1.0), increased slightly at 1-and 3-days post-ODmax, and 152 increasing markedly during prolonged persistence, with high levels of activity observed 153 at 3-weeks post-ODmax (Figure 1d) . A notable lag was observed between the increase 154 of transcript levels and Hhy activity during stationary phase, suggesting post-155 transcriptional regulation of this hydrogenase. The H2 oxidation activity profile of the 156 wild-type strain in these assays are the same as the sum of the activity of Huc and 157 Hhy only mutants, confirming that Huc and Hhy are functioning normally in the mutant 158 background (Figure 1e) . Additionally, a mutant strain lacking both Huc and Hhy did 159 not consume H2, confirming that Huc and Hhy are solely responsible for H2 oxidation 160 (Figure 1f) . 161 These data provide a clear picture of the differential regulation of Huc and Hhy hinted 162 at by previous studies (27) . Huc is expressed by M. smegmatis during the transition 163 from growth to persistence, allowing cells to grow mixotrophically on atmospheric H2 164 and, where available, higher concentrations produced through abiotic or biotic 165 processes (e.g. fermentation, nitrogen fixation) (39). Subsequently, as cells commit to 166 persistence due to carbon starvation, Hhy is expressed and supplies energy from 167 atmospheric H2 to meet maintenance needs. In order to directly attribute the H2 oxidation activity in our cellular assays to Huc and 172 Hhy, we separated cell lysates of wild-type and hydrogenase mutant strains using 173 native-PAGE and detected hydrogenase activity by zymographic staining (Figure 2a) . 174 A high molecular weight species exhibiting H2 oxidation activity was detected at 1-day 175 post-ODmax in wild-type and Huc-only cultures, but not in the Hhy-only strain. We 176 determined the size of this high-MW species to be >700 kDa via blue native-PAGE 177 (Figure S1) . In contrast, at 3-days post-ODmax, a low molecular weight H2-oxidising 178 species was present in wild-type and Hhy-only cultures, but was absent from the Huc-179 only strain (Figure 2a) . These high and low molecular weight bands from the wild-type 180 strain were excised and proteins present were identified by mass spectrometry. The 181 high-MW band yielded peptides corresponding to Huc, while the low-MW band yielded 182 peptides corresponding to Hhy (Table S1 ). These data correlate well with the activity 183 of Huc and Hhy observed in our cellular assays, confirming Huc is the dominant 184 hydrogenase during the transition from growth to dormancy and Hhy is more active 185 during prolonged persistence.
186
The difference in size between Huc and Hhy activity observed on the native gel is 187 striking. The slow migration of Huc may be due to the formation of an oligomer 188 containing multiple Huc subunits or other unidentified proteins. To test this hypothesis, 189 we interrogated the mass spectrometry data for likely Huc interacting partners.
190
Intriguingly, components of the cytochrome bcc-aa3 oxidase supercomplex were 191 detected in the Huc sample, with a high probability and coverage, demonstrating they 192 are prevalent in this region of the gel (Table S1) Upon cell fractionation, the ~60 kDa band was observed in both cytoplasmic and 205 membrane fractions, while the >200 kDa band was only observed in the membrane 206 fraction (Figure 2b) . Interaction of Huc with the membrane was disrupted by 5% 207 sodium cholate, with both bands partitioning to the soluble phase (Figure 2b) . In 208 contrast, a single ~60 kDa band corresponding to Hhy was observed in the whole cell 209 lysate and membrane fractions, but was absent from the cytoplasmic fraction. The 210 interaction between Hhy and the cell membrane was not disrupted by the addition of 211 5% sodium cholate, suggesting it forms a strong interaction with the membrane 
221
While it is known that O2 is required for H2 oxidation by Huc and Hhy in M. smegmatis 222 (6, 24), it had not been determined whether these enzymes support the reduction of 223 O2 through coupling to the respiratory chain. To resolve this question, we 224 amperometrically monitored the H2 and O2 consumption in carbon-limited M. 225 smegmatis cells (3-days post-ODmax) following sequential spiking with H2 and O2 226 saturated buffer (Figure 3a) . Upon spiking cells with H2, oxidation (0.31 μM min -1 ) was 227 observed due to ambient levels of O2 present in solution. When O2-saturated buffer 228 was subsequently added, the rate of H2 oxidation increased markedly (1.2 μM min -1 ) 229 (Figure 3a) . In cells initially spiked with O2, minimal consumption of O2 was observed 230 (0.01 μM min -1 ). However, with the subsequent addition of H2, the cells consumed O2 231 at approximately half the rate observed for H2 oxidation (0.51 μM min -1 ) (Figure 3a) . 232 This rate is consistent with the expected stoichiometry of H2-dependent aerobic 233 respiration (H2 + ½ O2 → H2O). These data directly link H2 oxidation to O2 consumption, 234 providing strong experimental evidence that electrons derived from H2 support 235 respiratory reduction of O2 in M. smegmatis. 236 Having established that H2 oxidation directly supports O2 reduction in M. smegmatis, 237 we next sought to determine which of the two terminal oxidases were utilized for this 238 process. To achieve this, we monitored the rate of H2 oxidation and O2 consumption 239 in wild-type, Huc-only, and Hhy-only strains, as well as mutant strains possessing 240 either cytochrome bcc-aa3 or bd oxidase as the sole terminal respiratory complex.
241
Given the loss of both terminal oxidases is lethal in M. smegmatis (41), we utilised zinc 242 azide, a selective inhibitor of cytochrome bcc-aa3 oxidase (42), to assess the effects 243 of loss of both terminal oxidases on H2 oxidation. As expected from our initial 244 experiments at 3-days post-ODmax (Figure 1) , the H2 oxidation rate of the Hhy-only 245 mutant was 3-fold higher than the Huc-only strain (Figure 3b ). H2 oxidation was also 246 observed in the cytochrome bcc-aa3 oxidase only strain, showing the complex 247 receives electrons from H2 oxidation. However, this activity was 3-fold lower than 248 observed for wild-type cells, suggesting that cytochrome bd complex also receives 249 electrons from H2 oxidation at 3-days post-ODmax (Figure 3b) . In striking contrast, H2 250 oxidation in the cytochrome bd only strain was 6.3-fold greater than wild type ( Figure   251 3b). This may be due to an increase in the amount of hydrogenases present in the 252 cells or deregulation of their activity, due to metabolic remodeling to cope with the loss 253 of the proton pumping cytochrome bcc-aa3 oxidase (35). The O2 consumption for the 254 wild-type and Huc-and Hhy-only strains, when spiked with H2, fit approximately with 255 the 2:1 stoichiometry observed in our initial experiment (Figure 3c ). However, O2 256 consumption of either oxidase mutants in the presence of H2 was significantly higher 257 than wild-type and did not conform to a 2:1 ratio (Figure 3c ), suggesting H2 is co-258 metabolised with other substrates (e.g. carbon reserves). Taken together, these data 259 show that both terminal oxidase complexes accept electrons from H2 oxidation.
260
Next, we probed the specifics of coupling between Huc and Hhy and the terminal 261 oxidases, by inhibiting the cytochrome bcc-aa3 complex with zinc azide. In wild-type 262 cells, the addition of azide led to a 4.6-fold reduction in H2 oxidation, demonstrating 263 that hydrogenase activity is primarily coupled to the cytochrome bcc-aa3 complex at 3-264 days post-ODmax. For the Huc-only strain, the addition of zinc azide largely abolished 265 H2 oxidation (8.4-fold reduction), suggesting that Huc is obligately coupled to the 266 cytochrome bcc-aa3 complex (Figure 3b) . In contrast, only a 1.5-fold reduction in Hhy 267 activity was observed; this demonstrates that while Hhy utilises the cytochrome bcc-268 aa3 oxidase, it is promiscuous and can also donate electrons to the alternative 269 cytochrome bd complex (Figure 3b ). The addition of azide to the cytochrome bcc-aa3 270 only strain led near complete inhibition of H2 oxidation (10.5-fold decrease) and O2 271 consumption (22.9-fold decrease) (Figure 3c ). This confirms that Huc and Hhy require 272 an active terminal oxidase to oxidise H2, and thus are obligately coupled to the 273 respiratory chain. The high level of H2 oxidation observed in the cytochrome bd only 274 strain was unchanged by azide treatment, which is expected given this complex is 275 unaffected by azide inhibition (42).
277
Huc and Hhy input electrons into the respiratory chain via the quinone pool. 278 Having firmly established that Huc and Hhy activity is coupled to terminal oxidase 279 activity under the conditions tested, we sought to better understand this relationship.
280
To do so, we measured H2 oxidation of the wild-type, Huc-only, and Hhy-only strains 281 in the presence of selective respiratory chain inhibitors and uncouplers. First, we 282 tested whether the electrons generated by Hhy and Huc are transferred to the electron 283 carrier menaquinone, which donates electrons to both terminal oxidases in 284 mycobacteria (43). To do so, we tested the effect of HQNO, a competitive inhibitor of 285 quinone-binding (42, 44), on H2 oxidation in our wild-type, Huc-and Hhy-only strains.
286
Addition of HQNO led to a 8.6-fold and 10.4-fold decrease in H2 oxidation by the Huc-287 and Hhy-only mutants respectively, demonstrating transport of electrons generated by 288 these enzymes occurs via the menaquinone pool (Figure 4a,b ). There was a 2.5-fold 289 decrease in the activity of wild-type cells treated with HQNO, confirming that H2 290 oxidation is also menaquinone dependent in a non-mutant background (Figure 4c) . 291 Next, we tested the effect of valinomycin on H2 oxidation. Valinomycin is an ionophore (Figure 4) . The near complete loss of Huc activity due to 301 valinomycin treatment indicates this enzyme is energy-dependent, requiring the 302 largely intact PMF to function; this may indicate that the complex is obligately 303 associated with the proton-translocating cytochrome bcc-aa3 supercomplex.
304
Conversely, the increase in Hhy activity demonstrates that this enzyme does not 305 require the PMF, with the increase in H2 oxidation possibly resulting from increased 306 metabolic flux as the cells attempt to maintain their membrane potential.
307
Next, we tested the effect of nigericin on H2 oxidation. Nigericin is an ionophore which 308 acts as an antiporter of K + and H + ions and is uncharged in its ion bound forms (45).
309
In our assay, nigericin leads to the net efflux of K + ions from and influx of H + ions into 310 the cell, dissipating the proton gradient but not effecting membrane potential. The interactions that mediate electron transfer from these enzymes. Furthermore, 371 purification of these complexes, combined with structural and spectroscopic analysis, 372 will likely provide insight into the mechanisms that underpin the high H2 affinity and O2 373 tolerance of Huc and Hhy. In conjunction with this study, these data will provide a 374 richer picture of how mycobacteria consume H2 during growth and persistence. Table S2 . 389 To facilitate visualization of the hydrogenases in western blots, a StrepII tag was 390 inserted at the C-terminal end of the small subunits of Huc (MSMEG_2262, hucS) and 391 Hhy (MSMEG_2720, hhyS) through allelic exchange mutagenesis as described 392 previously (33). Two allelic exchange constructs, hucSStrepII (2656 bp) and hhySStrepII 393 (3000 bp), were synthesized by GenScript. These were cloned into the SpeI site of the 394 mycobacterial shuttle plasmid pX33 to yield the constructs pHuc-StrepII and pHhy-395 StrepII ( Table S3 ). The constructs were propagated in E. coli TOP10 and transformed Table S3 . (20 min, 8,000 g, 4°C) , the whole-cell 420 lysates of wild-type, Huc-only, and Hhy-only strains were used for activity staining. Cell 421 lysates of Huc-StrepII and Hhy-StrepII strains were separated by ultracentrifugation 422 (60 min, 150,000 g, 4°C) into cytosol and membrane fractions. Membranes were 423 washed in lysis buffer and analysed by western blotting. Protein concentrations were 424 measured by the bicinchoninic acid method against bovine serum albumin standards.
388

Insertion of StrepII tags
425
Hydrogenase activity staining 426 Twenty micrograms of each whole-cell lysates was loaded onto two native 7.5% (w/v) 427 Bis-Tris polyacrylamide gels prepared as described elsewhere (49) Table S3 .
Rates of H2 oxidation or O2 consumption were measured amperometrically 486 according to previously established protocols (27, 30) . For each set of 487 measurements, either a Unisense H2 microsensor or Unisense O2 microsensor 488 electrode were polarised at +800 mV or -800 mV, respectively, with a Unisense 489 multimeter. The microsensors were calibrated with either H2 or O2 standards of known 490 concentration. Gas-saturated phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM 491 KCl, 10 mM Na2HPO4 and 2 mM KH2PO4, pH 7.4) was prepared by bubbling the 492 solution with 100% (v/v) of either H2 or O2 for 5 min. In uncoupler/inhibitor-untreated 493 cells, H2 oxidation was measured in 1.1 mL microrespiration assay chambers. These 494 were amended with 0.9 mL cell suspensions of M. smegmatis wild-type or derivative 495 strains either at OD600 0.3, OD600 1.0, 1-day post-ODmax (OD600 ~3.0), 3-days post-
496
ODmax, or 3-weeks post-ODmax, They were subsequently amended with 0.1 mL H2-497 saturated PBS and 0.1 mL O2-saturated PBS. Chambers were stirred at 250 rpm, 498 room temperature. For cells at mid-stationary phase, following measurements of 499 untreated cells, the assay mixtures were treated with either 10 µM nigericin, 10 µM 500 valinomycin, 40 µM N-oxo-2-heptyl-4-hydroxyquinoline (HQNO), or 250 µM zinc azide 501 before measurement. In O2 consumption measurements, initial O2 consumption 502 without the addition of H2 were measured in microrespiration assay chambers 503 sequentially amended with 0.9 mL cell suspensions of M. smegmatis wild-type or 504 derivative strains at mid-stationary phase (3-days post-ODmax) and 0.1 mL O2-505 saturated PBS (0.1 mL) with stirring at 250 rpm, room temperature. After initial 506 measurements, 0.1 mL of H2-saturated PBS was added into the assay mixture and 507 changes in O2 concentrations were recorded. Additionally, O2 consumption was 508 measured in cytochrome bcc-aa3-only strains treated with 250 µM zinc azide. In both 509 H2 and O2 measurements, changes in concentrations were logged using Unisense 
